A network of two synthetic replicators exhibits a critical unidirectional crosscatalytic relationship that directs competing replication processes. In this network, nitrone N bearing a 6-methylamidopyridine recognition site can participate in two 1,3-dipolar cycloaddition reactions with two maleimides that differ in the relative position of their carboxylic acid recognition site -either para ( can be altered selectively, it is limited by the reaction environment employed. These results represent a conceptual and practical framework for the examination of selectivity in replication networks operating outside well-stirred batch reactor conditions. 3
Introduction
Networks are the building blocks of the world around us, and their inherent interconnectedness 1 often exerts an influence over our everyday lives that can be challenging to predict. The all-pervasive presence of networks in nature 2 is reflected in the number of disciplines currently engaged 1c,3 in the study of complex systems 3a,4 and the properties that emerge through the interactions of their components. Chemistry experienced a paradigm shift around twenty years ago as it moved away from the study of molecular matter in isolation and, instead, began to embrace the notion of complexity and networks. By embracing the nascent field 5 of systems chemistry, bottom-up approaches for the design, development, and investigation of synthetic chemical models for complex systems have started to appear. A phenomenon of particular interest within the field of systems chemistry is replication. In the context of complex systems, synthetic replicators present a unique opportunity to study these processes using networks constructed from molecules with well-defined structures and with catalytic and recognition properties that can be probed and characterized in detail experimentally. The developments in the field of systems chemistry to date have produced a remarkable variety of replicating systems based on oligonucleotides, 6 peptides, 7 and small synthetic molecules, 8 highlighting and demonstrating that the ability to replicate is not exclusive to biological systems based on nucleic acids and equipped with extensive enzymatic machinery. In addition to self-replication, these systems were shown to express a number of system-level properties such as error-correction, 9 stereo-specific replication, 10 and
Boolean logic. 11 Peptide-based replicating systems have, in particular, achieved a significant level of sophistication, examining networks 9,10,11c,12 comprising more than a single replicator-a feature significantly less well explored in replicating systems based on oligonucleotides 13 and small-organic molecules. 14 Although the requirements for the operation of minimal self-replicating systems in isolation have been established 15 firmly, the processes in complex networks in the real world do not operate in isolation. For this reason, in this work, we build on our experience in developing selfreplicating systems based on small organic molecules 8a,8c,8d,8f,8g,14a-c to design and analyze a network of two replicators, connected directly through a shared building block. This network presents a model system that allows us to study how reaction and recognition-mediated processes impact and govern the preference, i.e., the selectivity, of the network for one replicator over another.
Design and methodology
In order to create a minimal self-replicating system, two components, bearing complementary recognition sites, must be connected together by one or more covalent bonds to afford a template that can act as a specific autocatalyst for its own formation. Once formed, this autocatalytic template can pre-organize the building blocks required for its formation in a ternary complex co-conformation that renders their reaction pseudointramolecular. The bond-forming step produces a template dimer, or duplex, which exist in equilibrium with the catalytically active monomeric template.
Here, a network of two replicators is constructed from two maleimides, M p and M m , and a single nitrone N [Ref. 14c] (Figure 1a and cis, in a 3:1 ratio in the absence effects originating from molecular recognition. Once the quantity of template formed is sufficient to allow its association with the unreacted components in a (Figure 1b) , the template formation proceeds with significant acceleration via the autocatalytic cycle. The ability of a template to initiate an autocatalytic cycle depends on the strength of the non-covalent recognition-mediated processes ( Figure   1d ) that govern the recognition between the network components. For example, a replicator with a stronger 17 recognition process would typically require a lower template concentration to enable selfreplication to proceed.
Replicators T p and T m possess a recognition unit complementary to the carboxylic acid, namely, a 6-methyl-2-amidopyridine ring that is originally associated with nitrone N (Figure 1a) . The relative positions and identities of recognition sites are conserved in the replicator templates. We envisaged that the slight differences in the type and location of the carboxylic acid recognition elements in each system would produce a reaction network of two replicators, referred to as the T p -T m network, with the potential for crosscatalytic behavior. Hence, reaction of the three individual components together allows the formation of a network where both templates can form simultaneously (Figure 1b) through two auto-and two crosscatalytic pathways. The ability of the templates T p and T m to act as either auto-or crosscatalytic templates allows the network to be instructed to form one replicator over another by the addition of preformed T p or T m . Ultimately, the ability of our replicators to compete for the shared nitrone building block will depend on their ability to take part in these autoand crosscatalytic cycles and for this reason, we wished to undertake a comprehensive kinetic analysis of this small network constructed from two self-replicators to develop an understanding of how structural changes alter the selectivity for one replicator over another and their role in driving systemlevel behavior. The slight increase in diastereoselectivity for the trans product in the presence of preformed T p compared to T m suggests that template T p , which locates the two recognition sites at a slightly different separation and geometry with respect to each other than T m , can promote the formation of the trans diastereoisomer more effectively than T m .
In order to quantify the changes in replication efficiency observed in the template-instructed experiments relative to those lacking any instruction, we calculated the percentage enhancement factor 18 (%EF) for each trans product determined after both 4 h and 16 h (Figure 2) . Examination of these results for T p (Figure 2e ) and T m (Figure 2f ) reveals a number of trends. Firstly, the %EFs are significantly higher after 4 h than after 16 h, reflecting the fact that the presence of preformed template exerts a stronger effect at earlier reaction times when the overall concentration of catalytically active template within the uninstructed reaction mixture is typically low. Further, Figure 2e shows that the addition of T p to the building blocks required for its own formation enhanced its formation significantly: 138 ± 7% at 4 h, and 10 ± 1% at 16 h. In contrast, the addition of T m to the same mixture of building blocks resulted in a suppression of T p formation (4 h = −19 ± 5%, 16 h = −6 ± 1%) relative to the uninstructed reaction. This observation suggests that T p might be sequestered within the [T
heteroduplex, which reduces the quantity of free template available for reaction. The same analysis of the enhancements determined for T m reveals that the addition of autocatalytic template T m (4 h = 185 ± 15%, 16 h = 36 ± 2%) affords a marginally higher enhancement than the addition of crosscatalytic template T p (4 h = 187 ± 16%, 16 h = 22 ± 1%). Overall, a comparison of the EFs showed that the addition of preformed template produces a more significant change in the formation of T m than in the formation of T p . Most likely, this difference can be attributed to the fact that replicator T m is less efficient at making itself than T p in the absence of template and is therefore affected less by the decreasing availability of the reagents required for its formation at longer reaction times. In summary, the comprehensive evaluation of all auto-and crosscatalytic pathways available to T p and T m confirmed that only three catalytic channels out of the four possible operate efficiently.
Kinetic fitting and simulations
In order to develop a better understanding of the differences in the kinetic behaviors of T p and T m in terms of the key kinetic and thermodynamic parameters that characterize the auto-and crosscatalytic cycles, we fitted the reaction time courses shown in Figure 3 to appropriate kinetic models (see Supporting Information). These kinetic models describe the interactions and reactions leading to the formation of T p or T m and using established protocols, 8a,13b,14a we were able to determine the bimolecular reaction rate constants (k bi ) for the formation of both trans and cis cycloadducts, the unimolecular rate constants (k auto , k cross ), and duplex association constants (K a Duplex ) pertaining to all auto-and crosscatalytic pathways ( Table 1) . Table 1) .
The parameters obtained through the kinetic fitting of crosscatalytic kinetic data allowed us to assess the differences observed in the corresponding time course profiles of both replicators.
Specifically, T m was found to be significantly worse at catalyzing the formation of T p than T p was at catalyzing its own formation. In fact, the EM kinetic for this crosscatalytic pathway was ca. 15 × smaller than that determined for the autocatalytic pathway leading to T p . By contrast, the EM kinetic for the crosscatalytic pathway that involves T m being made on T p was actually somewhat higher (18.3 M) than the corresponding autocatalytic process (9.47 M). These differences in the relative efficiencies of the auto-and crosscatalytic pathways directed by T p and T m can explain the absence of a template effect for T p being synthesized on a T m template.
An important consequence of the order of stabilities determined for the duplexes in the full 
Kinetic analysis of competition between replicators
Kinetic analyses of our two replicators in isolation established clearly that In the presence of preformed trans-T p , added to the reaction mixture at the start of the reaction, the observed outcome was altered significantly-the instructing replicator, trans-T p , outperformed trans- 
Examining the role of the [T p •T m ] heteroduplex
The kinetic analyses revealed that the two replicators examined in this study exhibit markedly different determine the outcome of competition in this network of replicators-T m is not only able to exploit T p for its formation, it is also capable of sequestering T p in a duplex that decreases its availability in solution and, as a result, the efficiency of the autocatalytic pathway leading to the formation of T p .
What governs the outcome of competition in T p -T m network?
The comprehensive set of kinetic experiments described here allowed us to examine each catalytic can proceed by one of two pathways. The stereochemistry of the newly formed replicator can match that of the template, for example, RSR-T p → RSR-T m -we will refer to this pathway as "matched".
Alternatively, the stereochemistry of the newly formed replicator can be mismatched compared to that of the template, for example, RSR-T p → SRS-T m -we will refer to this pathway as "mismatched". 
The consequence of these relationships is that heteroduplex [ Figure 6a ).
Whilst the structures of the transition states and the duplexes have limited conformational freedom as they adopt co-conformations that maintain four hydrogen bonds, the ternary complexes are much less restricted in a conformational sense. Bruice and Lightstone have shown 24 that the rates of intramolecular reactions can be related to the fraction of low energy conformations that are present as near-attack conformations (NACs). Previously, we have applied 25 this type of analysis successfully to a recognition-mediated pseudointramolecular cycloaddition reaction. Therefore, when considering these structures, we restricted our examination to structures that could be categorized loosely as NACs, i.e., we examined the structures in which the termini of the 4π and 2π components of the cycloaddition were at the efficiency of the recognition-mediated pathway. For this reason, rate acceleration takes place even if EM kinetic < 1, as long as the concentration at which the reaction is conducted is below the value of EM kinetic . (20) Thermodynamic effective molarity provides information about the stability of the template duplex relative to the strength of the ternary complex. (21) The values of template duplex association constants determined through kinetic fitting in this work were in the range of ~ 17.9 to 68.6 × 10 6 M -1 , i.e., a situation where the concentration of the catalytically active ternary complex will be in the µM range (see Ref. 8c for detailed analysis) under the conditions employed experimentally. Ideally, self-replicating systems would be examined at a concentration (C) that promotes the dissociation of the template duplex ([C] initial = 1/K a Duplex ). At such a concentration, however, the formation of the catalytically active ternary complex, which is driven by the considerably smaller K a Ind would be strongly disfavoured. The optimum conditions, therefore, need to balance these two competing influences. 
